ABSTRACT Summary: Pvclust is an add-on package for a statistical software R to assess the uncertainty in hierarchical cluster analysis. Pvclust can be used easily for general statistical problems, such as DNA microarray analysis, to perform the bootstrap analysis of clustering, which has been popular in phylogenetic analysis. Pvclust calculates probability values (p-values) for each cluster using bootstrap resampling techniques. Two types of p-values are available: approximately unbiased (AU) p-value and bootstrap probability (BP) value. Multiscale bootstrap resampling is used for the calculation of AU p-value, which has superiority in bias over BP value calculated by the ordinary bootstrap resampling. In addition the computation time can be enormously decreased with parallel computing option.
Cluster analysis is a statistical method which aims to classify several objects into some groups (clusters) according to similarities between them. While it has been widely used in many applications such as DNA microarray analysis, the uncertainty of results caused by sampling error of data has not generally been evaluated in practice. Pvclust is an implementation of bootstrap analysis on a statistical software R to assess the uncertainty in hierarchical cluster analysis.
The importance of uncertainty assessment has been wellrecognized in phylogenetic analysis. It is a special form of hierarchical clustering for inferring the history of evolution as a dendrogram. Thousands of bootstrap samples are generated by randomly sampling elements of the data, and bootstrap replicates of the dendrogram are obtained by repeatedly applying the cluster analysis to them (Efron, 1979; Felsenstein, 1985) . The bootstrap probability (BP) value of a cluster is the frequency that it appears in the bootstrap replicates. The multiscale bootstrap resampling was developed recently (Efron et al., 1996; Shimodaira, 2002 Shimodaira, , 2004 for calculating approximately unbiased (AU) probability values (p-values) as implemented in a software CONSEL (Shimodaira and Hasegawa, 2001 ).
Although these bootstrap-based approaches are applicable to broad range of statistical problems, their usage have been limited since implementations of these methods are focused only on phylogenetic analysis. Pvclust is designed for general hierarchical clustering problems, so users can easily obtain bootstrap-based p-values for their own dataset and preferred clustering method. (Suzuki and Shimodaira, 2004) .
R is 'a free software environment for statistical computing and graphics' (the R project website, http://www.r-project.org/), which runs on several platforms such as Windows, MacOS and UNIX/ Linux. Several add-on packages are available via CRAN, the official R package archive.
Package pvclust is included in CRAN packages and can be easily installed on the fly. Once the package is installed, pvclust can be run with the command:
In R system data are stored in a 'data object'. For example, to read a data file data.txt into a data object data, type the following command:
The bootstrap analysis is performed by applying the function pvclust to the object data with the number of bootstrap replications being B ¼ 10 000:
The result is stored in the object result, which can be shown graphically with the command:
We have applied the above commands to the DNA microarray data of Garber et al. (2001) , and the result is shown in Figure 1 . By default, pvclust performs bootstrapping at K ¼ 10 different data sizes, and the hierarchical clustering is repeated by K · B times. It took 430 min on a single processor (Athlon MP 2000+). The parallel version parPvclust is available with the help of the snow package (Rossini et al., 2003) , an add-on package of R for parallel computation. It took only 24 min using 20 processors; the speed-up value is 430/24 ¼ 18, indicating very efficient parallel computing.
It is recommended to use nboot ¼ 1000 (default) for testing at first, followed by 10 000 for smaller errors. To determine an appropriate size of B (nboot), standard errors of p-values are helpful.
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Function seplot provides a graphical interface for examining standard errors, while print gives more detailed information about p-values in text-based format. See online instruction on our website for the usage of these facilities.
In the multiscale bootstrap resampling, we intentionally alter the data size of bootstrap samples to several values. Let N be the original data size, and N 0 be that for bootstrap samples. In the example of (Fig. 2) 
